UNCLASSIFIED

Defense Technical Informatipn Center
Compilation Part Notice

ADP010520

TTTLE: Multi-Objective Aeroelastic Optimization

DISTRIBUTION: Approved for public release, distribution unlimited

This paper is part of the following report:

TTTLE: Aerodynamic Design and Optimisation of
|§/1’ight Vehicles in a Concurrent

ulti-Disciplinary Environment [la Conception et
I’ optimisation aerodynamiques des vehicules
aeriens dans un environnement pluridisciplinaire
et simultane]

To order the complete compilation report, use: ADA388284
[The component part is provided here to allow users access to individually authored sections
ol proceedings, annals, symposia, ect. However, the component should be considered within

the context of the overall compilation report and not as a stand-alone technical report.

The following component part numbers comprise the compilation report:

ADP010499 thru AD&&I&SE(AS STFIED




24-1

Multi-Objective Aeroelastic Optimization

M. Stettner, W, Haase
DaimlerChrysler Aerospace AG
P.O.Box 80 11 60
D-81663 Munich
Germany

1. SUMMARY

The present work is aiming at an aeroelastic analysis of the
X31 delta wing and particularly at the aeroelastic optimiza-
tion problem of maximizing the aerodynamic roll rate and
minimizing the structural weight at supersonic flow speeds.
Results are achieved by means of a multi—objective genetic
algorithm (GA) utilizing a GUI-supported software being
developed in the European-Union funded ESPRIT project
FRONTIER.

2. INTRODUCTION

In early aircraft design stages, the lifting and control surface
sizes, shapes, and positions are determined in order to meet
given manoeuver performance requirements. In these man-
oeuvers, aerodynamic and mass loads are imposed on the
structure, creating stresses which the structure must with-
stand. The structure also yields to these loads, which usual-
ly degrades the manoeuvre performance predicted for a rigid
aircraft. Therefore, a very stiff structure is desired. In order
to meet both the strength and stiffness requirements, materi-
al needs to be added, which increases the structural weight.
The increase may be prohibitively large, so that a change of
the contro! surface planform is preferred, which, in turn,
requires an additional loop of aeroelastic assessments. This
trade—off between manoeuvre performance, for example the
steady—state roll rate, and weight, both as a function of
lifting and control surface configuration, is a common prob-
lem of aircraft design.

The work presented in this paper describes methods which
visualize the dependency between achievable roll rate and
the minimum structural weight required to achieve this per-
formance and withstand the loads in this flight conditions,
where parameters related to structural stiffness and control
surface shape are used. The goal is to provide a means for
selecting the “best” structural and control surface layout for
given requirements on performance and weight. To achieve
this goal, the minimization of weight and the maximization
of performance are formulated as separate objectives in a
multi—objective optimization. The following sections de-
scribe two levels of aeroelastic analysis used, the optimiza-
tion framework FRONTIER [1] in which they were em-
bedded, the problem as posed to the framework software,
and results.

3. DESIGN EVALUATION SOFTWARE

LAGRANGE [2] is an in—-house code of DaimlerChrysler
Aerospace AG, Military Aircraft, used for structural analysis
and optimization. The code bases on a finite element meth-
od and enables consideration of stress, strain, buckling, dy-
namic, static aeroelastic, and dynamic aeroelastic constraints.
Objective function is commonly the structural weight. For

static aeroelastic analysis, aerodynamic loads are calculated
using linearized aerodynamic influence coefficient matrices
for a simple panel method [3]. The constraints in this case
are the ratios between aerodynamic loads values on the
flexible structure and those on the rigid structure, the so—
called “effectivenesses”. For example, for ailerons the mo-
ment about the aircraft roll axis generated by a specified
aileron deflection is decisive. Aileron effectiveness is de-
fined as the moment generated by a wing that is free to
deform elastically due to aerodynamic loads, divided by the
moment generated by an undeformed wing in the same
flow condition.

In the present application, LAGRANGE minimizes the
structural weight while maintaining structural integrity in
five critical static load cases. Simultaneously, the effective-
ness of each aileron is required to exceed a given target
value. With the actual aileron effectiveness and wing roll
damping values of the minimum weight structure as calcu-
lated by LAGRANGE, the achievable roll rate as well as
the required aileron deflections are calculated by an addi-
tional program. Upper bounds for aileron deflections and
hinge moments are considered in this step. In summary, the
aeroelastic analysis as described calculates a minimized
structural weight and the achievable roll rate for a given
aileron split ratio and aileron effectiveness target values.
This analysis is referred to in the following as “method A”.

Since this first approach is based on very simple, linear
aerodynamics, a second aeroelastic analysis was developed
which involved higher fidelity aerodynamics. The specific
method is the HISSS-D code [4], a higher-order inviscid
sub— and supersonic panel method for design which allows
iterative and constraint aerodynamic optimization for general
three—~dimensional flows. HISSS-D may be coupled with
LAGRANGE in the system HCSI to perform aeroelastic
analysis and optimization. In the approach called “method
B” in the following text, HCSI is inserted before the roll
rate trim calculation of method A. The system thus uses the
structural model as optimized by LAGRANGE with its sim-
ple aerodynamics, and re—calculates the actually achieved
aileron effectiveness values. In effect, HCSI is used to cor-
rect the results of the simple aerodynamic analysis. The trim
analysis is performed just as in method A. The following
paragraphs describe the details of HCSIL.

Aerodynamic and structural analysis are coupled by a proce-
dure which determines the equilibrium of aerodynamic loads
and the structural reaction forces. The “structural” relation
between load and displacement is commonly assumed to be
linear. The "aerodynamic” relation between deflection of the
aerodynamic shape and aerodynamic load, however, is not
linear. In contrast to widespread practice, this fact is consid-
ered in HCSI. As another novel element, analytic sensitivi-
ties of the equilibrium loads are determined and provided to
the structural optimization.
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A major challenge was the (automatic) coupling between
the aerodynamic analysis code and the structural method.
Flow analysis and structural codes usually use topologically
very different meshes. Moreover, “more sophisticated” fluid
dynamics analysis methods rely on much finer meshes
compared to those used to model the structure. In order to
feed the displaced geometry calculated by the structural
method back into the flow solver, accurate interpolation in
three dimensions must be obtainable. In HCSI, transforma-
tions between the meshes are performed using an approach
based on statically correct distribution of discrete aerody-
namic loads onto a limited set of structural nodes called
“beaming”. The reverse transformation is used for translat-
ing the structural displacements into aerodynamic surface
mesh deformations. Conservation of virtual work in the pro-
cess if these transformations is guaranteed.

The structure of HCSI is displayed in Fig. 1. The trans-

formation functions described above are generated by
BEAS. The figure also shows the data flow from the mesh
generation system PGRID to HISSS-D and, particularly, the
intersection of HISSS-D with CPELAS, LAGRANGE and
STRULA. STRULA uses the structural model of LA-
GRANGE and loads due to unit deflections from CPELAS
to trim the aircraft for a certain target value of, say, steady—
state roll rate. The actual trim displacements — and sensitivi-
ties with respect to the structural design variables — are then
calculated by CPELAS and returned to LAGRANGE. LA-
GRANGE performs structural optimization with constraints
on stresses resulting from these aeroelastic load cases. In the
FRONTIER test case, however, the roll rate is an objective
function, that is a result of the structural optimization. For
this reason only CPELAS is executed to calculate the aile-
ron efficiencies.

PGRID ——HISSS—HISSD
Acrodynamic Component AICs  AIC Conversion
Mesh Generation
Component
AIC $ Pressure
Load
CPELAS Coelticients:
T BFA? Translormation Matrices | “Elustilied” Pressure lrimrr;fd/ STRULA - Trim
ranstormation Loads and i Acroelastic Trim Condition(s)

Acro - Structures

Displacements

T

Displacements

KM
NASTRAN dF/du
GRID cards
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Structural
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Figure 1 Flow chart of HCSI

4. THEFRONTIER OPTIMIZATION ENVIRONMENT

One of the major results of the European project
FRONTIER [1] is an optimization software which can be
applied to multi—disciplinary, multi—objective optimiz-
ation. It employs a genetic algorithm (GA), a “hill
climber” (gradient—based optimization algorithm), and a
Multi—Criteria~Decision-Making tool, MCDM. A graphi-
cal user environment/interface guides the (non—exper-
ienced) user. Parallelization of individual generation in the
GA cycles is explicitely supported.

The FRONTIER technology is an open system for
collaborative design optimization using Pareto Frontiers. The
communication between applications on different platforms
1s enabled by CORBA service calls which provides a high
degree of platform independence. The baseline implementa-
tion language of FRONTIER is Java [4]. This has proved
very advantageous since only one source code is needed for
Unix and Windows NT and, moreover, both single and par-
allel processor platforms are covered.

The multi—objective genetic algorithm (MOGA) for global
exploration uses a generational and steady state GA with
user—defined number of individuals and generations. A li-

brary of selection schemes is available with defaults defined
on the basis of performance in mathematical test cases. The
operations applied to parents to generate children are cross-
over and mutation. These are applied to a chromosome en-
coding of the variables defining the design. Crossover, ap-
plied to solutions on or near the Pareto boundary, tends to
generate other solutions near the boundary, while mutation
tends to create variation in the design set. The user can
specify crossover and mutation probabilities — or simply use
default values.

Constraints can be handled by objective penalisation with
hard and soft constraints or by a supplementary objective.
A local hill climber (with constraints) can be used for im-
provement of GA results but also as a stand-alone tool.
The gradient based optimization algorithm used is a BFGS
(Broyden—Fletcher—Goldfarb—Shanno)  algorithm adapted
with modifications for constraint handling. The basic meth-
od is a Quasi-Newton method rather than a conjugate gra-
dient method.

The MCDM tool generates a set of utility functions which
are selected by the user in the form of pairwise comparisons
(judgement) of designs. The total utility is treated as the
(weighted) sum of utilities for several criteria (objectives).



The multi-objective—genetic—algorithm (MOGA) optimiza-
tion provides a Pareto Frontier and, hence, a means to dis-
tinguish between results that either fulfill a single objective
or results from composite objectives. Moreover, results on
the Pareto Frontier can be easily taken as starting points for
further engineering evaluations. The FRONTIER optimiza-
tion technology also allows for hybrid optimization since
the gradient based method may be used in order to improve
GA results. Of course this latter step is limited to continu-
ous variables, while the GA can manage mixed discrete/con-
tinuous design spaces.

5. TRIAL DESCRIPTION

5.1 Two-Level Optimization Procedure

The test case chosen a two-level, two-objective optimiza-
tion of the composite X31 delta~wing at supersonic flow
conditions. The wing model features two leading edge flaps,
a wing box, and two trailing edge ailerons, see Figure 2
below. The leading edge flaps are fixed and treated as part
of the wing planform. The ailerons may be deflected inde-
pendently of each other in order to generate a rolling mo-
ment.

Figure 2 The X31 delta—wing structural model

The objective functions are minimum weight of the wing
and maximum achievable roll rate. Three design parameters
were used on the FRONTIER framework (upper) level: Roll
efficiency goals for inboard and outboard ailerons, and the
flap split. The former are continuous parameters, constrained
to lie between reasonable bounds. The latter is a disconti-
nous value since rib positioning in the wing box limits
possible hinge positions — and thus flap splits — to three
discrete values. Hence a coupled set of continuous and dis-
continuous design parameters had to be treated in a two-—
objective optimization space. Constraints are not used expli-
citely on this level.

Figure 3 provides a sketch of the general topology of the
upper level design space, where the two efficiencies are
combined into one value for the sake of simplicity and
presentation. This aileron effectiveness, v, is an indicator of
the stiffness of the wing. With increasing stiffness, the
achievable roll rate, P, will converge to the value reached
by a rigid structure. In order to create a rigid structure,
however, it must be infinitely stiff, and therefore infinitely
heavy. As a result, as n approaches 1.0, the weight, W,
approaches infinity. It is therefore reasonable to provide an
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upper limit to 7. On the other hand, if the effectiveness
requirement is very low, the stiffness of the structure neces-
sary to sustain static loads may be suffient to generate effi-
ciencies higher than the requested value. Therefore, one can
provide a lower bound to the n-dimension of the design
space without changing the outcome. Although qualitatively
identical, the quantitative situation depends on the third de-
sign parameter, the aileron split ratio, t, which is equivalent
to a specific spanwise split position, yg.

M > Mpre—defined *

M < Mpre-defined

{
Nroll, pre~defined
<— elastic stiff —>

Figure 3 Top level design space topology

In order to receive the minimum weight of the X31 wing,
LAGRANGE performs a second type of optimization. De-
sign parameters at this (lower) level are thicknesses and
composite fiber orientations of the structural members.
These are varied to achieve minimum structural weight
while satisfying constraints on allowable stresses and strains,
buckling, and aileron roll effectiveness, | = Mpredefined- The
latter constraints are the design parameters of the upper lev-
el optimization. In the trim calculation, geometric limits are
applied to the aileron deflections, Oflapin, Qflap,out, and the
hinge moments are limited to values which can be sustained
by the actuators installed in the actual aircraft. Thus, while
explicit constraints are not set to these parameters at either
optimization level, they are implicitely constrained.

5.2 Geometry Parametrization

One of the most crucial items of optimization is reliable
parametrization of the geometry. The success and perfor-
mance of the entire optimization process is closely related
to such application—dependent parametrization.

The geometry parametrization of the X31 delta wing is
presented in Figure 4. Three design parameters used in the
optimization process are highlighted. All other parameters
for the complete wing parametrization are kept constant for
the current flap efficiency study. It becomes evident from
Fig. 4 that the original wing has been extended up to the
symmetry plane of the fuselage.

According to the inner layout of the wing structure, Table
1, and based on the limitations that the actuators may not
be moved and each aileron requires two hinges, the possible
aileron—split domain is bound by the location of the out-
board hinge of the inner aileron, and the actuator position
of the outer aileron, including a tolerance, €, for their span-
wise dimension:

1777 mm + ¢ < yq < 2330 mm - ¢
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Three variants were finally selected: variant 1, at the base-
line split location, variant 2 at the upper split limit, and
variant 3 at the lower bound. These variants are represented

by numerical values of the discrete design parameter “aile-
ron split” of 1, 2, and 3, respectively.

Figure 4 Geometry parametrization

Table 1  Geometry constraints

Geometry item at position [mm]
Innermost edge of flap 616

Inner rib 783

Hinge with actuator 1046

Hinge 1777

Current yfl-value 2028

Hinge with actuator 2330

Hinge 2845

Hinge 3360

Hinge 3632

5.3 Design and Fixed Parameter Settings

Based on the previous considerations, the design parameters
were specified in the FRONTIER environment in the form
shown in Table 2. Additional parameters were supplied to
the aeroelastic analysis, but not varied:

Mach-number [-1 = 1.2
Angle-of-attack [°] =5.73
Stagnation_pressure [N/m**2] = 102,100
Max. Inb_flap_setting [deg] =150
Max. Outb_flap_setting [deg] =150
Max. Inb_hinge_moment [Nm] = 4500.
Max. Outb_hinge_moment  [Nm] = 4500.
Table 2 Design parameter settings
Design parameter | Min Value | Max Value | Steps
Aileron Split 1 3 3
Inboard Efficiency 0.2 0.5 151
Outboard Efficiency 0.2 0.5 252

6. RESULTS
6.1 Method A

Based onthe values providedin Table 2, optimization was carried
outonan SGI ORIGIN-2000 with 16 processors and 8GB shared
memory, both as sequential runs and in parallel. The total com-
putation time by using 8 processors 16 generations with 16 indi-
viduals each was roughly two hours.

The speedup of the parallel application can be taken from Fig. 5
below. It exhibits a reasonable speedup of about 6 when using 8
processors.

speedup

L. 2 3 b 5. 6. 7 8
no. of processors

Figure 5 Speedup for parallel treatment of the X31 wing per-
* formance trial

It should be noted at this point that —on the basis of 16 individuals
per generation — only 2, 4, and 8 concurrent designs might have
been the correct choice for the “standard MOGA”. However, as




for all trials the “steady MOGA™ was adopted, the parallel run
with 6 concurrent designs denotes an additional —possible—trial.

In Fig. 6, the computed pressure(—coefficient) distribution
on the X31 wing surface is shown for the untwisted wing
at Ma=1.2, 5.73° incidence, an inboard aileron setting of
20° and an outboard aileron setting of 10°. It very well
exhibits the high pressure loads on the aileron which corre-
spondingly lead to the deformations of the aileron, actuator,
actuator support, and finally of the wing box.
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Optimization results using 16 individuals and 8 generations —uti-
lizing the steady MOGA approach for a total of 128 individuals
—are presented in Fig. 7. The simple aeroelastic method A was
used to evaluate the individuals.

The corresponding Pareto frontier is presented in Fig. 8. Taking
into account an initial weight of about 173N, it becomes evident
that there is some room for improving the weight limit, however
under the drawback of reduced turning rates.

cp
0.913379
0.828144
0.74291
0.657675
0.572441
0.487206
0.401972
0.316737
0.231503
0.146268
0.0610336
-0.024201
-0.109435
-0.19467
-0.279905
-0.365139
-0.450374
-0.535608
-0.620843
-0.706077
-0.791312
-0.876546
-0.961781
-1.04702
-1.13225

Figure 6 Computational pressure—coefficient results for specific individual

Figure 7 Objective space: Design parameters for 16x8 MOGA run with aeroelastic method A
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Figure 9 Buffered design for MCDM usage with results selected from to Figure 7 (8)

It should be noted at this point that — although the prescribed
numbers of individuals and generations have been fixed in the in-
put file for the FRONTIER run, the “real” number of usable de-
signs differs slightly for the different parallel runs. This is due to
the problem that some individuals are non—physical ones and are
not taken into account for the design space evaluation. Therefore,
the data in Fig. 7 provide the results obtained for the sequential/
non—parallel run.

It was mentioned before that a further improvement of the Pareto
results by using a hillclimber is possible but has not been used in
the present investigation due to the discontinuous aileron—split
design parameter. However, the possibility to fix the aileron’s in-

board—outboard split by selecting a preferred “best” result from
the Pareto frontier and then applying a gradient based method
merely with the remaining two design parameters (the flap effi-
ciencies) might be investigated in future trials.

When comparing the different results on the Pareto frontier, it be-
comes quite evident that the use of a evolutionary strategy — the
GA inthe current trial — can be efficiently applied to complex test
cases. Moreover, fortheselected set of desi gnparameters,agradi-
ent based method could have provided results only for one flap
split, i.e. the present investigation would have been impossible to
treat without an evolutionary strategy.




The complete set of results further indicate that the roll rate gov-
erns the optimization process, i.e. in the low structural-weight
arealargerimprovementsofthe correspondingroll rate can be ob-
tained — a fact that will be underlined by using the MCDM tool.
For the MCDM investigation of the results obtained by method
A, Table 3 presents the set of individuals that have been buffered
from the Pareto frontier. In addition, Fig. 9 presents the design
chosen and their location on the Pareto curve together with the
numbering (according to the sequence in the data buffer) used by
the MCDM.

Itisinitially suggested thatan experienced engineer would select
the same individual from the frontier as a novice user would re-
ceive by applying the MCDM method.

Table 3 MCDM trial: Buffered designs
Design no. 44 | 35 [ 49 | 92 | 77 | 90 | 27
on Pareto
Buffered 2 { 3 6 4 5 0
individual
for MCDM

In order to rate the different designs given in Table 3, the follow-
ing set of preferences has been selected for the MCDM run:

preferred to
preferred to

4
3
preferred to 6
I

AN NN W

preferred to

The best (priority) result was computed to be individual no. 92,
achieving reasonable roll rates together with relatively low struc-
tural weight. The two—objective case in that trial is, of course, not
areal challenge for the MCDM tool, however it has provento be
in line with the “engineer’s nose”, i.e. it it suggested that an expe-
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rienced engineer, properly checking the Pareto frontier, might
have chosen a similar result.

Based on prescribed hinge moments of 4500 NM, the design and
objective values for individual no. 92 read:

flap split 1
inboard flap efficiency  0.332 (resulting in Qpyap jn=3.52°)
outboard flap efficiency 0.3308 (resulting in Opjap our=6.85°)

resulting in

roll rate 159.022 deg/sec

strucural weight of X31 wing 151.668 N

Figure 10 MCDM output
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Figure 11 Objective space: Design parameters for 16x16 MOGA run with aeroelastic analysis method B
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Fig. 10 presents the MCDM results, indicating the dependencies
ofroll-rate and structural weight and confirming that the rollrate
is dominating the weight. On the other hand, it can be seen for
higher weight factors that the roll rate cannot be improved with
“although” the structural weightisdrastically increasing. Inaddi-
tion, Fig. 10 also provides the obtained rating sequence.

6.2 Method B

Optimization results using 16 individuals and 16 generations —
utilizing the steady MOGA approach for a total of 256 individu-
als— with aeroelastic anaylsis method B are presented in Fig. 11.
A rather smooth Pareto frontier —often showing up in “physical”,

i.e. “non—mathematical”, applications — has been obtained.

In comparison to the use of method A, the roll rate obtained by
method B has increased by roughly 30%, compare Fig. 7. Check-
ing again against the initial weight of 173 N which corresponds
toarollrate of about 240 deg/sec, the optimizationresult obtained
is very close to flight test results and underlines the maturity of
the improved method B in the chosen flight regime.
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